technology surveys concerning millimeter-wave (MMW) measurement needs and capabilities have been conducted by the National Bureau of Standards (NBS), Boulder Laboratories, and others. The results of some of these studies are summarized. Current MMW standards and calibration capabilities at NBS are reviewed. The lack of national standards in certain frequency bands may lead to problems with the specification, acceptance testing, and calibration of some components and systems.
I. INTRODUCTION N
EW communications and navigation technologies us ing satellites and more complex military systems of all kinds require better measurement support at higher fre quencies. Proper assessment of component and system performance requires an adequate metrology base to as sure consistent, correct performance of hardware and measurement instrumentation. Frequently, system de signers and staff developing new systems do not make their metrology needs known early in their programs. Thus the National Bureau of Standards (NBS) is often unaware of new metrology needs until a formal request for cali bration is received. Specific efforts are now being made, particulariy within the Department of Defense (DoD), to acquaint program managers and contractors with the need to plan and coordinate metrology support requirements in the early stages of new programs. Also, NBS and other groups have conducted surveys of industrial and military laboratories to determine upcoming needs in millimeterwave (MMW) metrology. Finally, various initiatives are under way to secure increased support for developing new and improved microwave (MW) and MMW standards and services at NBS.
II. BACKGROUND
Within NBS, the Electromagnetic Fields Division of the Center for Electronics and Electrical Engineering is re sponsible for conducting research in, and developing standards for, MW and MMW metrology. This research is supported primarily by two sources: congressionally appropriated funds and funds from other government agencies for specific projects. The Office of Management and Budget (OMB) has rules that where metrology needs are generated by other government agencies, those federal agencies are required to provide the necessary support [1] .
Since the DoD often requires metrology support in ad vance of industrial needs, a special channel was created to provide this support. The Calibration Coordination Group (CCG) of the Joint Technical Coordination Group (JTCG) of the three Armed Services works closely with Ν 'S to insure that existing and yet to be fielded equip ment will be supported by adequate standards and mea surement services.
As a result of congressional action there has been a modest increase in the congressionally appropriated funds for MW and MMW work for fiscal year 1986 and suc ceeding years. Although this is not sufficient to fulfill all of the needs that exist in MMW standards at NBS, it has enabled NBS to start work in several areas and expedite work already under way.
Technology continues to develop at an ever-increasing rate into higher portions of the frequency spectrum. This generates increasing needs for standards and measure ments in the MMW region. Determining the real mea surement needs of industry and the military and assessing the priority of these needs with respect to the national measurement system is a very difliicult task, A number of significant surveys and studies have been conducted dur ing the past several years as a means of identifying the required measurement parameters, frequencies, priori ties, and the extent of these needs. In April 1985 the pre liminary report of the Committee to Promote National Microwave Standards (PNMS) was released [2] . This committee is an ad hoc committee of the IEEE Micro wave Theory and Techniques Society (MTT-S) and is composed of industry representatives from firms highly active in the MW and MMW areas. After conducting a survey of measurement needs as perceived by industry and DoD and assessing NBS capabilities, PNMS documented these requirements and priorities (see Table I ). The ulti mate objective of the PNMS Committee is to draw atten tion to the needs for MW and MMW standards.
The National Measurement Requirements Committee (NMRC) of the National Conference of Standards Labo ratories (NCSL) conducted a national measurement re quirements survey beginning in 1982. Over 1400 U.S. companies, government organizations, and universities were surveyed to assess the overall national measurement requirements. This National Measurement Requirements Survey was published in May 1983 [3] and was subse quently used as a major source document by the PNMS committee. The objectives of the NCSL survey were: U.S. Government work not protected by U.S. copyright During fiscal year 1985, NBS assisted the Navy in iden tifying present and future needs for MMW standards and measurement services. A team surveyed a number of proj ects in naval laboratories and visited prime contractors working on the development of Navy and other DoD MMW systems. The results of the survey are unclassified, and were presented in a report to the sponsor. This infor mation is summarized in Table II. NBS assisted the Army in fiscal years 1985 and 1986 to identify present and future needs for MMW standards and measurement services. A survey team visited the Army Test, Measurement, and Diagnostic Equipment (TMDE) Support Group (TSC) to gather measurement requirements data.
Concerns have been expressed regarding the lack of widespread use of MMW technology in U.S. militar>' ap plications. Military threats from the Soviets are said to exist since their military systems in the MMW region are more advanced than those of the U.S. [5] .
Other disciplines and programs which require MMW measurements support include radio astronomy [6] , NASA Advanced Communications Technology Satellite (ACTS) [7] , [8] , and university research laboratoriesJQ].
There appears to be increased activity in MMW tech nology in the private sector in addition to the areas al ready discus? d. This is made evident by the large num ber of technical papers on MMW theory, component development, and measurement techniques which were presented at recent technical conferences [10]- [13] .
III.
MILLIMETER-WAVE STANDARDS AND MEASUREMENT NEEDS
The expanding research and development in MMW technology has created a basis for accelerating the devel opment of new systems and devices. While these ad vances in technology appear to offer greatly improved system capabilities, they add significantly to the complex ity of. and technical requirements for, traceability and calibration support. There are currently no national stan dards for certain electrical quantitites that are critical to the specification, construction, acceptance testing, and calibration of systems which are now, or will be, critical to industr>% government, and DoD needs. Thus the re quired traceabilitv to national standards is presentlv not available [14] , [15] .
As previously mentioned, the PNMS Committee iden tified MW and MMW measurement requirements, sum marized in Table I . This table lists the desired parameters, transmission media, and frequencies, with the priorities based on industry needs for the development of these ca pabilities. The requirements depicted in this table repre sent not only the needs of industry but those expressed by coiporate suppliers of military systems as well. In addi tion the PNMS Committee obtained information concern ing military measurement needs directly from the CCG. Further information was gathered by the CCG and the PNMS committees at recent classified seminars on MMW measurement requirements. These seminars were orga nized jointly by DoD and NBS [16] , [17] .
A summary of the MMW programs identified by the NCSL NMRC is presented in Table III . Definitions of most of the abbreviated program names in the table appear in [2, p. 2C-14] . These programs are either under devel opment or are ready for full-scale development.
These military programs are only a partial listing since classified programs cannot be published. However, the NCSL study indicates that potential requirements exist from 33 through 120 GHz. A brief summary of the MMW metrology requirements taken from the Tri-Service Metrology Research, Devel opment, and Engineering Plan appears in Table IV . Clas sified programs cannot be included in this table. How ever, this CCG EWG document states that most measurement support requirements lie in the frequency range from 18 to 325 GHz. Table V is a summary of some of the unclassified Army systems which need MMW measurement support (by the TMDE Support Group (TSG) and therefore by NBS). Table VI is a summary of MMW weapon and commu nications systems and their general operating frequencies. It has been reported that far more eifort should be ex pended in the U.S. to develop, field, and support systems of this type which operate well into the MMW region [5] .
The Navy has current and/or projected needs for stan dards and measurement services for power, pulse power, attenuation, reflection coefiicient, S parameters, antenna gain and polarization, antenna near-field patterns, whitenoise sources, phase noise, various properties of materials, fast pulses, and amplitude modulation noise in the MMW region. Table II presents a summary of these needs. These parameters are arranged in order of priority using available unclassified information. Although separate similar in-depth studies have not been conducted by NBS specifically for the Air Force and the Army, the information contained in Table ΙΪ is believed to be repre sentative of most military needs. A careful examination of Tables I-VI reveals a consid erable range of parameters and frequencies in the MMW region, for which measurement support is needed.
IV. NATIONAL MEASUREMENT SUPPORT STRUCTURE
While many end users of measurement instruments and systems are unaware of their traceability to NBS, con tractors performing work for the military are required to show traceability of such measurements to NBS. This typ ically results in consistent measurements and standards throughout the industrial segment. The flow diagram in Fig. 1 illustrates, in general terms, how most industry and DoD laboratories utilize NBS measurement support ser vices. The flow diagram^ in Fig. 2 large coφorations or military organizations obtain traceability to NBS and thereby ensure measurement agree ment on the production line or flight line. The example in Fig. 4 is specific to the Air Force flight line support, but similar support structures exist for other branches of the military system.
V. PRESENT CAPABILITIES OF NBS
NBS offers measurement services to support the na tional measurement system portrayed in Figs. 1 and 2 . Available NBS measurement services are listed in NBS Special Publication (SP) 250 [18] , which includes special test services arranged on an individual basis. The status of NBS physical measurement services is presented in [19] . Table VII 
VI. PLANNED EXPANSION AND DEVELOPMENT OF MILLIMETER-WAVE STANDARDS, MEASUREMENTS, AND CALIBRATION SERVICES AT NBS
The increased nationwide emphasis on MMW technol ogy has helped to focus and accelerate the planning for the continuing development of the national metrology base. The industr>' and military measurement needs, dis cussed previously, and specific requests for MMW mea surement services at NBS, are helping to influence the prioritization of technical programs to meet these needs.
Referring again to Table VII , we note that planning has been initiated for the constmction of a new calorimetric power standard in the 33-50-GHz waveguide band. While this will be based upon the designs used in the older stan dards in the MW region, and upon experience with the WR-10 microcalorimeter, new materials and designs for temperature stabilization will be examined. Construction is Hearing completion on the 18-26-GHz dual six-port network analyzer and planning has started on the 26-40-and 33-50-GHz six ports. The use of these six ports will allow measurements to be made on devices using coaxial connectors (by means of adapters) as well as on devices with waveguide flanges. In addition, it will permit the existing waveguide calorimetric power standards in the 18-26-and 26-40-GHz bands to be used to calibrate coaxial components. A new dual six-port calibration technique has been developed which will enable coaxial components with any combination of connectors to be measured and evaluated.
Several studies are now under way to further analyze the errors in six-port measurements which should enable connector repeatability errors to be separated from those inherent in the six-port system. Although this work is being performed and tested on the MW systems, it will apply equally well to the MMW systems and thereby accelerate their development. The results and techniques obtained from this work will allow future calibrations to be performed and reported more accurately. The milestone chart which appears in Fig. 3 summarizes the current plans for basic R & D expansion of measurement services^ in MMW's at NBS for the measurement of circuit parameters and scattering parameters.
An antenna measurement system is being expanded to 'Measurement sen'ices at NBS consist of both ''special test services" which have not been fully reviewed by the NBS Calibration Committee (CALCOM), and "calibration services" which have been fully reviewed and approved by CALCOM. support national requirements in the 33-50-GHz band.
FREQUENCY
Completion is scheduled for late 1987. Increased demand for services in several other bands requires updating of equipment, which is at present unfunded. Fig. 4 illus trates the specific plans for expanding the antenna mea surement services. Of particular importance is the development of a mea surement technique, derived from six-port theory, which allows the calibration of a customer noise standard in which the connector differs from that of the NBS refer ence standard, with minimum added uncertainty. A de scription of this work is scheduled to be published as an NBS Technical Note late in 1986. This emphasizes the need for replacing older tuned switching radiometers in the MW region with the new automated versions incor porating a six-port analyzer. When developed fully, sim ilar techniques will be applied in the MMW region. Work is currently being performed to develop thermal noise standards in the 18-26-and 33-50-GHz frequency ranges in support of MILSTAR activities. Some preliminary ser vices may be available in the lower band by the end of 1986. Fig. 5 is a milestone chart showing the planned future activity in noise metrology.
Although no MMW work has been initiated in the areas of phase noise or properties of materials, there is suffi cient need and interest, and NBS is optimistic of obtaining support to initiate projects in these areas [20] . Requests for pulsed power measurement standards continue to be voiced but the range of frequencies and power levels has been too diffuse to warrant serious planning in light of the many other higher priority tasks to be performed. 
VII. CHALLENGES IN MEETING NATIONAL

MEASUREMENT NEEDS
Identifying, verifying, and establishing the priority of real measurement needs and then developing a new measurement service can pose significant problems for metrologists. Fig. 6 is a flow diagram which illustrates the general procedure to establish new measurement services at NBS. This process is both complex and time consuming, and requires the close cooperation of the measurement community, including industry and the DoD. Adequate in-depth error analysis and system quality assurance controls are extremely important parts of the development of a new standard of measurement service. Complete documentation of a system or service must be completed and approved by NBS prior to its public announcement. These important tasks, which are necessary to complete the picture, add greatly to the time required to provide new services.
These challenges, together with today's rapidly advancing technology, make it necessary to anticipate the required future measurement services and needed accuracies from five to ten years in advance [21] - [23] . data, the PNMS Committee, CCG, and NCSL for the use of their survey results, and many staif members of the Naval Research Laboratory, the Naval Oceans Systems Center, TRW Electronic Systems Group, Rockwell Inter national, General Dynamics, Hughes, and Georgia Insti tute of Technology Research Institute for contributing to the measurement requirements database.
